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Abstract 
Deep-sea mining exploration for seafloor massive sulfide (SMS) deposits is currently increasing. At pre-
sent, most exploration activities are surficial and use indirect methods to identify potential sites and per-
form first assessments. For a proper resource estimate, however, drilling is inevitable. By using seabed 
drill rigs, exploration costs can be reduced considerably. SMS deposits are normally found at depths be-
tween 1,000 - 4,000 m and in order for deep sea mining to be implemented, reliable technologies are 
needed. Additionally, the development of geophysical systems that can detect and classify mineralized 
zones from waste materials while drilling could decrease costs and speed up offshore operations by limi t-
ing the amount of drilling of unmineralized materials. This paper shows how the physical properties of 
SMS can be used to discriminate between host rocks and mineralization. Seismic P-wave velocities (Vp) 
were measured on 40 SMS and unmineralized mini-cores. By back-calculating the porosity from Vp, 
comparing the results with electrical resistivity measurements, and using Archie’s Law, it is possible to 
observe that metallic conduction exists. For deep-sea mineral exploration, the combination of seismic 
tests, electrical resistivity and magnetic susceptibility could support the preliminary discrimination of min-
eralized samples in the cores while drilling at the seafloor. 
 
Key words: seafloor massive sulfides; deep-sea mining; P-wave measurement; mineralization; petrophys-
ical properties. 
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1. Introduction 
The increasing demand for metallic raw materials is becoming an important opportunity for deep 
sea mining, which serves to relieve the land-based metal mining industry. Due to the recent increasing 
demands through the industrialization of countries such as China and India, seafloor massive sulfide 
(SMS) mining is presently being investigated (Birney et al., 2006; Boschen et al., 2013). Since 2011 six 
contracts for the exploration of seafloor massive sulfides have been approved by the International Se a-
bed Authority in areas beyond national jurisdiction (France and Russia in the Atlantic Ocean; China, Ko-
rea, India and Germany in the Indian Ocean) and Japan, Korea and France have developed strong n a-
tional programs within their Exclusive Economic Zones in the Pacific (Petersen et al ., 2016).  
Current deep-sea mining technologies are based on mining technologies commonly used on land,  
such as surface mining (see Cardu and Mucci, 2013). For instance, Nautilus Minerals Inc. is developing a 
deep-sea mining system for SMS deposits in Papua New Guinea using three different machines, i.e. the 
Auxiliary Cutter (AC), the Bulk Cutter (BC) and the Collecting Machine (CM).  Other technologies are more 
focused on novel mining approaches (Birney et al., 2006; Spagnoli et al., 2016a).  
Seafloor hydrothermal venting in the geological past produced some of the largest and most val-
uable ore deposits mined to date such as those in the Iberian Pyrite Belt and the Urals, where individual 
deposits can reach hundreds of millions of tons (Hannington et al., 2005). SMS deposits are currently 
forming in the deep oceans at tectonically active spreading systems (mid-oceans ridges and "back-arc" 
spreading centers) where hydrothermal vents expel sulfide-rich mineralizing fluids into the ocean in water 
depths up to 4000 m (Hannington et al., 2005). These systems are the result of global heat dissipation 
from the mantle to oceanic crust. The circulating and heated solutions (> 400° C) are mixed with cold 
seawater and form the most striking appearance of submarine SMS, several meter-high chimneys. These 
structures eventually erode and decay, forming mounds that can reach several hundred meters in diam e-
ter. Larger sulfide deposits are the product of several hydrothermal generation cycles.  
Massive sulfides are polymetallic in character by having valuable trace metals in addition to the 
economically most important metals copper (Cu) and zinc (Zn). These trace metals include silver (Ag), 
gold (Au), antimony (Sb), cadmium (Cd), gallium (Ga), germanium (Ge), and indium (In) (Monecke et al., 
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2016). According to Singer (1995), volcanic-associated and sedimentary-exhalative massive sulfide de-
posits have accounted for more than half of the past global production of Zn and Pb and a significant 
amount of Au and other byproduct metals. The metal inventory at the seafloor could be huge, however, 
resource estimates for the deep-sea fall into the "indicated resources" category at most. Nevertheless, 
ongoing exploration work of some license holders such as COMRA, Ifremer, BGR, to name a few (Pe-
tersen et al., 2016), is constantly producing new discoveries. The assessment of these discoveries by 
sampling and drilling is important in order to determine if ocean-floor mineral tenements host sufficient 
grade and size to justify a future potential mining operation (Birney et al. , 2006). Geotechnical (Spagnoli 
et al, 2016b), mineralogical (Hannington et al., 2011), and geophysical (Swidinsky et al., 2012) assess-
ments of SMS deposits can subsequently be used to ground-truth large-scale geophysical surveys. 
Spagnoli et al. (2016c; 2017) previously investigated the electrical and magnetic susceptibility 
properties on 40 mini-cores chosen to be a representative suite of rock and ore types from various SMS 
deposits. It was shown that it is possible to discriminate the mineralization from the host rock based on 
these physical rock parameters. P-wave velocity measurements (Vp) performed in the laboratory are 
quite common in rock mechanics studies (e.g. Castagna et al., 1985; Chang et al., 2006; Elbra et al., 
2011; Brotons et al., 2014; Saito et al., 2016). They have been performed on massive sulfide deposits on 
land, e.g. Salisbury et al. (2000); Morgan (2012); Bellefleur et al. (2012); Malehmir et al. (2012; 2013), 
Miah et al. (2015). Miah et al. (2015) showed that hydrothermal alteration considerably increases Vp and 
density of altered argillite and felsic volcanic rocks in comparison to their corresponding unaltered facies. 
Malehmir et al. (2014) showed that the host rock velocities increase from felsic to ultramafic rocks, with 
Vp velocity of 7.5km/sec for the Kevitsa main intrusion (mafic–ultramafic Ni–Cu–PGE deposit) and 
6.5km/sec and 5.7km/sec for the Ventersdorp Supergroup lava and Central Rand Group quartzite respec-
tively.  
Compared to massive sulfide deposits on land, few data are available for marine SMS samples. 
Ludwig et al. (1998) investigated the physical properties and ultrasonic velocity on 24 mini -cores recov-
ered at the Trans -Atlantic Geotraverse (TAG) hydrothermal mound during Ocean Drilling Program Leg 
158 at confining pressures up to 100 MPa. They found that a general increase in Vp with depth is ob-
served for all samples and is probably caused by increased cem entation and silicification of the mostly 
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brecciated rocks. Rocks of Zones 2 (anhydrite-rich) and 3 (silicified wallrock breccias) show a seismic 
velocity dependence on total sulfide mineral concentration. With increasing anhydrite concentration, Vp 
decreases linearly. Vp ranges between 3 and 6 km/s for 5 MPa confining pressure.  
Yamazaki et al. (1990) investigated the Vp on six SMS core samples of 60 x 30 mm. The results 
showed that Vp ranged between 2.5 and 3.5 km/s. Yamazaki and Park (2003) performed geotechnical 
tests and also Vp measurements on eight SMS cores the Izena Cauldron at Okinawa Trough. No clear 
correlation between mineralogy and Vp was drawn, whereas the results showed a trend where the Vp 
was inversely proportional to the porosity. Assessment of porosity will therefore be key information in 
determining the mineralization content of a SMS core. Yet, porosity is difficult to be assessed in situ dur-
ing drilling operations. In this context, Vp measurements could be used to indirectly assess it and com-
bine this with other geophysical measurements. The purpose of this study is to measure the sei s-
mic/acoustic P-wave velocity of a representative set of mini-cores of different types of SMS and their host 
rocks for comparison with previous physical property measurements, i.e. electrical and magnetic suscep-
tibility properties. A variety of sample types from different volcanic and tectonic settings represent a range 
of physical properties found in the ore material (different grain size and bounds of sulfide minerals; varia-
ble mineralogy and porosity) and the host rock (different rock types, altered, unaltered). The results of this 
study suggest that a comparison of P-wave velocity with other physical properties (e.g., porosity, bulk 
density, magnetic susceptibility, resistivity) could help the development of software packages that may 
detect SMS mineralization and altered host rocks while drilling-and-recovering cores in deep-waters with 
seabed drill rigs. This could decrease costs and speed up offshore min eral exploration with underwater 
drill rigs by limiting the amount of drilling in unmineralized material (Spagnoli et al., 2016c).  
2. Material and methods 
During sample selection care has been taken into account to identify samples representing differ-
ent mineralogical types of seafloor massive sulfides from a variety different tectonic settings. The mine r-
alogy of the sulfides depends on the physico-chemical conditions during formation, which reflect variable 
host rock compositions (related to the tectonic setting), water depth, formation temperature, permeability 
below the seafloor, and magmatic activity (Hannington et al., 2005). The mineralogy of seafloor sulfides is, 
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however, quite simple and the samples descri bed by Spagnoli et al. (2016c), were taken due to their Fe -, 
Cu-, and Zn-rich enrichment, e.g. typical samples with very high grades of the respective major metals 
and minerals, e.g. chalcopyrite (Cu), sphalerite (Zn), and pyrite (Fe). Because the tectonic  setting has a 
profound impact on the mineralogy and geochemistry of the SMS occurrences, specimens were chosen 
from a back-arc basin site (Pacmanus), from slow-spreading (basalt-hosted: Turtle Pits; ultramafic-hosted:  
Logatchev and Irinovskoe), intermediate-spreading ridges (Galapagos and Axial Seamount), and fast-
spreading mid-ocean ridges (EPR South and Pacific-Antarctic Ridge) (Fig. 1). 
 
Fig. 1. Location of the sample used for the laboratory experiments.  
2.1 Sample description 
A set of 40 mini-cores was extracted from a variety of oceanic rocks including; chimneys, massive 
sulfides, and host rock. Each mini-core was drilled from a parent sample using a Karl Dahm drill press 
fitted with a standard 1 inch-diameter diamond-impregnated drill bit. The samples have a diameter of 25.4 
mm, and a length between 17.55 mm and 45.88 mm (average 37.14 mm).  The samples were cut at the 
International Ocean Discovery Program’s (IODP) Bremen Core Repository (BCR) in Bremen, Germany. A 
combination of two rocks saws (Fig. 2) were used including an ASC Scientific Dual Blade Rock Saw and 
an IODP single blade rock saw. All of the samples were cut using tap water to cool and clean the dia-
mond saw blade. For the ultrasonic measurements, precise cuts resulting in parallel end faces  are neces-
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
sary to reduce measurement error during the velocity experiments. Due to the high-quality parallel end 
faces, the error in length determination is about ± 0.05 mm.  
 
Fig. 2. Rock saws used at the BCR for making precise and parallel cuts. A) standard IODP single 10-inch 
blade rock saw, and B) ASC Scientific Dual Blade rock saw. 
 
2.2 Ultrasonic P-wave measurements 
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The experiments were performed at the petrophysical laboratory of the German Research Centre 
for Geosciences (GFZ) in Potsdam, Germany. The system used for the measurements consists of an 
ultrasonic pulser (Panametrics Model 5058PR), a digital oscilloscope (Agilent DSO 6012A), a sample 
holder (Geotron UMV 420) and two transducers (Panametrics V 103-RM) (Fig. 3). The pulser provides a 
high voltage pulse to fire the ultrasonic transmitter. The pulse voltage is switchable between 100 V, 200 V, 
400 V and 900 V (11 µJ, 44 µJ, 176 µJ – 891 µJ). The pulse repetition rate is variable in different steps 
between, 20 Hz and 2 kHz. For this study, we used a constant rate of 1 kHz. A TTL compatible trigger 
signal is provided with the pulse to drive the oscilloscope. Furthermore, the pulser contains a signal con-
ditioning unit to improve the quality of the received signal by filtering and amplification. Th e signal output 
is connected to the digital storage oscilloscope. The oscilloscope with a bandwidth of, 200 MHz (2 GSa/s) 
allows to average the signal for further signal quality improvement and to store the signal digitally. 
We determined the P-wave arrival using the cursor function of the oscilloscope on a stacked sig-
nal (average over 128 wave forms to improve signal to noise ratio). To make sure that the coupling be-
tween sample and transducers will not influence the measurements, a coupling fluid was used between 
the sample and transducers, which are pushed on the sample surface with a constant pressure of one bar 
using the pneumatic contact pressure piston system of the sample holder (Fig. 3). To correct the system 
related time shift due to a possible difference between the high voltage pulse and the start of the oscillo-
scope, the transducer characteristics, coupling influences etc., we measured a travel time curve with 
three aluminum reference cylinders (30 mm, 50 mm, and 100 mm length). The slope of the curve gave us 
the reciprocal velocity of the aluminum (1/(6400m/s)) and the intercept with the time axis provides the 
time shift (270 ns), which then has to be subtracted from the measured P-wave arrivals. The velocity was 
calculated by the following equation:  
𝑣 = 𝑙/(𝑡𝑡 − 𝑡𝑠)           (1) 
where, l is the sample length in mm, tt is the measured travel time in µs, and ts is the time shift.  
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Fig. 3. Principle setup for the ultrasonic P-wave velocity measurements.  
2.3 Velocity measurements  
Velocity measurements were carried out on both the dry and fully water-saturated samples. Tap 
water was used as a fluid, as the focus was to observe the differences between the sample groups in 
absolute values. Experiments were performed twice on both dry and wet samples to check measurement 
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repeatability. The difference between the first and second measurements was up to 5%, which we as-
sumed negligible. Air drying of the samples was carried out in a vacuum oven at 105 °C and about, 20 
mbar for 12 hours. After the dry measurements were performed, samples were evacuated in an exicator 
to about 5 mbar (water vapor pressure at, 20 °C is about 23 mbar). Degassed tap water was injected until 
the samples were completely covered with water. Atmospheric pressure was applied to the water covered 
samples for 12 hours before the measurements were taken.  The measured velocities vary between 6300 
m/s and 2700 m/s. With a central frequency of the transducers of about 1 MHz, the wavelengths are on 
the order of 3 mm to 6 mm. Some of the samples have pores and vugs with dimensions on the order of 
the wavelength and even bigger, which resulted in a strong scattering of wave energy. For some of the 
samples the attenuation due to scattering was so strong, that no or just a very weak signal reached the 
receiver. Thus, we were not able to get evaluable signals and hence velocity data for all of the dry sam-
ples, particularly for dry copper-rich cores but also for one Zn and one host rock sample. Fig. 4 shows 
examples for a strong first arrival (A) and the situation where a very weak signal for the saturated sample 
and no signal for the dry sample could be detected (B) at maximum signal amplification (see cutoff of the 
electrical crosstalk signal of the high voltage transmitter pulse). A good quality first arrival can be picked 
with an accuracy of about ± 0.01 µs and better. For an attenuated weak first arrival, the error increases to 
± 0.2 µs. Together with the error in length of about ± 0.05 mm, this results in an accuracy for the velocity 
of about 0.2% for strong signals and about 4% for weak signals. To indicate the number of samples 
where no signal could be detected (see Fig. 4 B, dry signal), they were plotted with zero velocity in the 
following graphs.   
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Fig. 4. Examples of first arrivals used to calculate the velocities for the dry and wet ultrasonic measure-
ments. A) Sample S0166 59 GTVA-1B1 (chimney Zn-Ba) showing a strong signal for both dry (5.44 µs) 
and wet (5.16 µs) first arrivals. B) Sample S0208 DR100-3A (chimney Zn) showing no signal for the dry 
measurement, and a weak signal for the wet (1.54 µs) first arrival. The cutoff of the crosstalk signal from 
the high voltage transmitter pulse illustrates the high amplification of the record.  
 
2.4 Electrical resistivity and magnetic susceptibility 
Vp results have been compared with previous experiments (Spagnoli et al., 2016c; 2017). Electri-
cal resistivity and magnetic susceptibility are briefly described. In order to determine the frequency-
dependent complex electrical resistivity in the frequency range between 0.002 Hz and 100 Hz, cylindrical 
samples of 50mm length and 25mm diameter were tested (see Spagnoli et al., 2016C for the details). A 
4-point electrode configuration was used. The samples were saturated with a NaCl solutions with conduc-
tivity of 5S/m (see Spagnoli et al., 2016c for the details). 
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Regarding the magnetic susceptibility tests (see Spagnoli et al., 2017 for the details), the same 
cylinders as for the electrical resistivity measurements were used. A Minikappa KLF-3 Magnetic Suscep-
tibility Meter from AGICO was used. The pick-up unit comprised a vertically aligned coil which generated 
a homogenous sinusoidal magnetic field at the sample position with an amplitude of 50A/m and a fr e-
quency of 2kHz. The core was placed in the sample holder and each sample was measured three times.  
3. Results and discussion 
Table 1 shows the results obtained from repeat Vp measurements for both dry and wet conditions. 
Porosity, bulk density, wet (Spagnoli et al., 2016c) and dry electrical resistivity (Hördt et al., 2016), to-
gether with magnetic susceptibility values (Spagnoli et al., 2017) are also included and are later used for 
the comparison plots with the Vp data. Figs. 5 and 6 show the results of Vp compared with the porosity, 
and bulk density, respectively. Porosity and density were calculated from the weight of the dry and satu-
rated samples, the buoyancy weight and the density of the fluid (Spagnoli et al. , 2016c). 
Fig. 5 (Vp vs. porosity) shows a strong decrease of Vp values with increasing porosity for dry 
conditions, the same is true also for wet conditions. The scattering of the data is attributed to the fact that 
the “porosity value” does not distinguish between different pore types occurring in the samples (intergra n-
ular pores, cracks, solution pores, etc.), which have a different influence on velocity. Furthermore, the 
dependence of velocity on porosity is superimposed by differences in mineralogical composition and min-
eralization content. P-wave velocity values for basalt in saturated conditions range between 4.5 and 6.8 
km/s, which agree with the values provided Bourbié et al. (1987) and Ludwig et al. (1998). The effect of a 
general decrease in P-wave velocity with increasing porosity is due to the increase in porosity reducing 
the elastic moduli of the rock skeleton that decreases Vp (e.g. Miller and Stewart, 1990; Kassab and 
Weller, 2015). Mineralized samples have larger porosities and larger bulk densities if compared with the 
non-mineralized specimens. It is well-known that SMS samples have larger porosities than samples ob-
tained from massive sulfide deposits on land due to compaction of the mineralization during ageing and 
tectonic uplift (e.g. Tufar, 1991; Gröschel-Becker et al., 1994; Tivey et al., 1998; Zhu et al., 2007).  
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Fig. 5. Comparison plots of dry (A), and wet (B) velocity measurements vs. porosity. Note: data points 
that lie on the x-axis in (A) represent samples with no signal and distinguishable first arrivals.  
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The Vp values (for dry and wet conditions) range between 3 and 6 km/s. The results are slightly 
higher when compared to values reported by Yamazaki et al. (1990) and Yamazaki and Park (2003), who 
performed tests under atmospheric conditions, as well. Ludwig et al. (1998) performed Vp and Vs tests 
for simulating deep (rock) conditions with confining pressures ranging from 5 to 100 MPa. They show that 
by increasing the confining pressure, Vp values increase up to 10-15%, probably related to pressure in-
duced porosity reduction, improvement of grain to grain contacts, and closure of micro cracks.  Based on 
absolute velocity values, the host rock and breccia exhibit higher velocities (> 4.2 km/s) than mineralized 
cores, at least at atmospheric pressure. From Fig.5 it appears that the host rock samples show a stronger 
dependence on porosity than the mineralized samples, which is probably due to the fact that this porosity 
dependency is not superimposed by the influence of sulfide content on velocity. 
In general, velocity increases with increasing density because the denser minerals show higher 
elastic moduli. For a given mineralogical endmember composition, density and velocity increase with 
decreasing porosity. Fig. 6 shows the velocities values against the density values. If the velocity would be 
primarily influenced by the mineral composition, we would expect to see a positive correlation between 
velocity and density, because the denser minerals show higher elastic moduli. However, we observe that 
the high-density samples have a low velocity. We attribute this to the fact that the high -density samples 
with high ore contents are at the same time the most porous samples. The higher density of mineralized 
samples is mainly due to the higher specific density of Cu-, Zn-, and Fe- containing sulfide minerals.  
The high porosity is related to the formation of the mineralized samples in chimneys above the 
seafloor. During precipitation of the sulfides abundant pore space is formed and therefore the mineralized  
samples have a higher porosity when compared to the low-porosity host rocks. A similar lack of expected 
correlation has been observed for land data (Bellefleur et al., 2012) for VMS samples from two different 
regions. The authors attributed the change in velocity to a variability in grain sizes and pyrite content. In 
principle difference in grain sizes/ore content could also be a possible explanation for our data. Yet, give 
that our samples are biased towards high porous samples since they have been collec ted by in the chim-
ney areas and not at depths from the stockwork, we argue that for this sample set porosity seems to be 
the more important factor determining the velocity. However, for low porous samples at depth, velocity 
changes may yet well be related to grain size variations as for the VMS samples.  
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Considering Fig. 6B (Vp vs. bulk density in wet conditions), it is possible to see that host rock 
samples “host” and “mineralization” separate at a Vp value of about 4.2 km/s, with the exception of one 
sample. 
From Fig.6 it appears that the host rock samples show a stronger dependence on porosity than 
the mineralized samples, which is probably due to the fact that this porosity dependency is not superim-
posed by the influence of sulfide content on velocity.  
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Fig. 6. Comparison plots of dry (A), and wet (B) velocity measurements vs. bulk density. Note: data points 
that lie on the x-axis in (A) represent samples with no signal and distinguishable first arrivals.  
 
Fig. 7: 3D plot of velocity, resistivity and magnetic susceptibility (the latter are from Spagnoli et al., 2016c 
and 2017). In comparison to basalt host rock, mineralized cores exhibit lower resistivity, higher velocities 
and higher susceptibilities. The red color for the Ba samples means negative SI values. 
 
Spagnoli et al. (2016c, 2017) observed that the electrical resistivity, ρ, is a function of porosity, Ф, 
and mineral content, whereas the magnetic susceptibility, χ, is only a function of mineralization, i.e. the 
presence or absence of mineralized samples. Fig. 7 shows a 3D plot of wet velocity, magnetic susceptibil-
ity and electrical conductivity. In terms of distinguishing whether cores are mineralized or not, low values 
of magnetic susceptibility seem to be the clearest indicator of whether cores have undergone hydrother-
mal circulation and are mineralized. Also, magnetic susceptibility is not dependent on other parameters, 
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i.e. porosity, such that they can be regarded as a direct indicator. Low resistivity may also be an indicator, 
since the electrical resistivity of mineralized samples is few orders of magnitude smaller than the host 
basalt. For electrical resistivity, the dependence on porosity still needs to be considered, though. Most of 
the resistivity variations observed fall in a range which may be explained by Archie’s Law, i.e. can be 
attributed to a large extent by electrolytic conduction within the pore fluid of these highly porous samples. 
If the pore fluid is the only conducting phase in the rock, the rock conductivity is well described by 
Archie’s equation. If there are other conductivity contributions from the solid rock components (conduc t-
ing/semiconducting minerals) or the fluid-solid-interfaces (surface conductivity) the rock conductivity can 
be expressed as follows (e.g. Worthington, 1985): 
𝜎𝑏 = 𝜎𝑒𝑙 + 𝜎𝑎  with:  𝜎𝑒𝑙 =
𝜎𝑤Ф
𝑚
𝑎
          (2) 
where, 𝜎b denotes the rock conductivity, σa the additional conductivity contributions from conduct-
ing/semiconducting minerals and surface conductivity , and σel  the electrolytic conductivity contribution of 
the pore fluid described by the Archie-equation (σw  -conductivity of the pore fluid, Ф – porosity, a – tortu-
osity factor). For highly mineralized samples and in situations where the semiconducting/conducting min-
eral phases form a continuous connected network throughout the rock , the additional conductivity contri-
bution can be very large compared to the electrolytic conductivity contribution (𝜎𝑎 ≫ 𝜎𝑒𝑙). 
For copper and iron rich samples, however, this is not the case. Here, electrical resistivity values 
are too small to be explained by pore fluid conduction. For these cores the measured low resistivities can 
only be explained by the content of semiconducting/conducting mineralization (see Spagnoli et al., 2016c).  
During drilling campaigns, well logging easily provides ρ, Vp, and χ data. Porosity measurements 
in situ on the other hand are difficult and expensive, and therefore they are normally derived in the labora-
tory, for instance using a permeameter (Zhu et al., 2007). However, given that Vp is mainly function of the 
porosity, Ф, it should be possible to determine Ф  from Vp and use this information to constrain resistivity 
measurements in order to preliminary assess the presence of mineralization in the cores. Due to the fact 
that all physical properties are available on our cores, it is possible to test this hypothesis. Fig. 8 shows 
the calculated porosity from the wet velocity vs. the measured porosity values. A clear correlation, with a 
coefficient of determination (R
2
), of 0.62, is visible between predicted and experimentally measured po-
rosity. 
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Fig. 8. Comparison between calculated porosity from Vp measurements on wet samples and measured 
porosity. 
 
Fig. 9A shows the measured electrical resistivity as a function of measured porosity. Overlain on 
the plot is the expected resistivity calculated with Archie’s equation with different empirical parameters a 
and m. During the electrical experiments performed on saturated SMS samples, highly conductive NaCl 
solution with 5S/m conductivity was used to saturate the samples to simulate the seafloor conditions. 
Regarding the tortuosity factor, a, we assumed a value of 1, whereas for the cementation factor, m, we 
assumed a value of 1.3 for unconsolidated sediments, and 2.4 for more consolidated rock (Schön, 2004).  
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The measured electrical resistivity values will be used as a benchmark to which we compare cal-
culated resistivities based on porosity derived from velocity measurements. These are shown in Fig. 9B 
for the electrical resistivity predicted by porosity derived from Vp dry and Fig. 9C for porosity derived Vp 
wet. The data show an acceptable match with the measured data versus the calculated ones, particularly 
with the wet conditions.  For the predicted porosity/resistivity values, SMS specimens containing Cu-Zn, 
Fe, Zn and Cu are below the Archie curve with a = 1 and m = 2.4. Archie’s equation describes the resis-
tivity of a porous rock, assuming that the brine in the pore space is the only conducting phase. As men-
tioned above, the semiconducting/conducting ore minerals provide an additional conductivity contribution, 
which is not considered in Archie’s equation. For instance, Chalcopyrite (CuFeS2) and Pyrite (FeS2) may 
show resistivities in the order of 10
-4
 m and even less (e.g. Schön, 2004; Pridmore and Shuey, 1976; 
Pearce et al., 2006). Compared to the resistivity of 0.2 m for the used brine, the conductivity contribution 
from the ore minerals can easily be orders of magnitude higher than the electrolytical conductivity contri-
bution and explains why the measured values fall below the Archie -curves. This could indirectly be de-
rived from the Vp values during drilling and recovery campaigns.  
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Table 1. List of samples investigated in this study, with rock type, dominant mineralogy, density,  electrical resistivity, magnetic susceptibility, and 
results of the repeat ultrasonic velocity measurements. Porosity values are given as volume fraction according to the definition of Vpore/Vprobe. 
No
. 
Sample 
name 
Ma-
terial 
Lengt
h 
(mm) 
Bulk 
po-
rosi-
ty 
Bulk 
densi-
ty 
(g/cm
3
) 
Electri-
cal re-
sistivity 
(Ωm) 
wet 
Electrical 
resistivity 
(Ωm) dry 
Magnetic 
suscep-
tibility 
(SI) 
1
st
 Dry ve-
locity (km/s) 
2
nd
 Dry 
velocity 
(km/s) 
1
st
 Wet ve-
locity (km/s) 
2
nd
 wet 
velocity 
(km/s) 
1 MSM03/2-
928DR-5 
Host 
rock 
38.41 0.08 2.96 124.4 12139.94 0.00764 5.54 5.77 5.73 
 
5.99 
2 MSM03/2-
929DR-2 
Host 
rock 
39.64 0.016 2.87 70.27 16263.34 0.00366 6.04 6.18 6.10 6.34 
3 MSM03/2-
942DR-1 
Host 
rock 
37.81 0.017 3 17.79 5181.228 0.0008 5.69 5.89 6.32 6.59 
4 MSM03/2-
942DR-4 
Host 
rock 
39.7 0.012 2.93 85.91 8249.907 0.00299 ------ 6.55 6.79 6.97 
5 MSM03/2 
943DR-10 
Host 
rock 
37.83 0.075 2.94 48.79 1145.813 0.0129 4.99 4.99 5.69 5.75 
6 S0109/3-
69GTVA-3b 
Host 
rock 
30.43 0.046 2.94 60.4 51663.36 0.0118 6.16 6.37 6.12 6.42 
7 S0157-
15DS-1 FG 
Host 
rock 
40.96 0.275 2.76 31.06 833.6704 0.0063 4.46 4.46 4.41 4.54 
8 S0157-
17DS-4 FG 
Host 
rock 
38.15 0.079 2.98 23.87 1612.609 0.0097 4.52 4.47 5.61 5.87 
9 S0157 18-
DS-5-FG 
Host 
rock 
41.6 0.102 3.07 18.92 21988.54 0.0171 5.24 5.52 5.77 5.96 
10 S0157 38 
DS-Tubaf 
Host 
rock 
37.88 0.074 2.96 19.81 2138.76 0.00204 5.22 5.31 5.86 6.09 
11 S0109/2-
89GTV-M 
Ba 41.54 0.166 3.65 4.42 23366.13 -8.3E-06 3.55 3.53 3.68 3.87 
12 S0109/2-
89GTV-M 
2
nd
 
Ba 37.57 0.176 3.63 6.96 106596.2 -9.9E-06 3.49 3.46 3.67 3.86 
13 EPR-South Si 47.65 0.241 3.29 10.82 9317.477 -8.9E-06 3.65 3.59 3.65 3.79 
14 S0166-
59GTVA-
1B1 
Zn-
Ba 
17.16 0.424 4.14 1.99 235403.4 3.86E-06 3.17 3.31 3.12 3.50 
15 S0166- Zn- 45.85 0.334 3.79 1.7 2927.96 0.00009 2.92 2.94 ------ 3.00 
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70GTVA-
1C4 
Ba 
16 S0166-
70GTVA-
1G1 
Zn-
Ba 
44.78 0.233 3.93 4.68 1358.332 0.000177 3.77 3.91 3.86 3.99 
17 S0166 
58GTVA-
8A1 
Zn 45.57 0.315 4.16 16.13 26806.22 5.41E-05 3.33 3.43 3.46 3.54 
18 S0208-DR 
100-2A 
Zn 44.8 0.302 3.16 3.31 20.5741 0.000118 ------ 4.32 4.07 4.28 
19 S0109/2-
81GTVA-
2(1) 
Cu-
Zn 
40.47 0.36 3.87 0.49 70.6264 0.000109 2.70 2.53 2.72 2.75 
20 S0109/2-
81GTVA-
2(2) 
Cu-
Zn 
42.94 0.367 4.02 0.28 10.2047 0.000557 3.62 3.80 3.60 3.80 
21 S0166-
59GTVA-
2A1 
Cu-
Zn 
37.94 0.294 4.13 1.8 676.6364 0.000453 3.34 3.37 3.66 3.44 
22 S0166-
58GTVA-
6A 
Cu-
Zn 
29.95 0.405 3.78 0.07 2.7738 2.77E-05 2.87 2.81 ------ 3.15 
23 S0208-
DR100-3A 
Zn 45.96 0.434 3.9 0.11 0.27061 8.62E-05 ------ ------ ------ 3.04 
24 ODM-ROC-
V557-324 
Zn 26.45 0.115 3.94 0.06 2.0379 0.000247 3.89 ------ 3.84 4.53 
25 ODM ROC-
V557-327 
Cu 39.87 0.325 3.4 0 0.024111 0.000154 ------ ------ ------ 3.11 
26 M64/1-
114ROV-
4E(1) 
Cu 34.81 0.424 4.06 0.02 1.272985 0.000264 ------ ------ ------ 3.34 
27 M64/1-
114ROV-
4E(2) 
Cu 32.5 0.409 3.98 0.09 0.36045 0.00018 ------ 2.82 ------ 3.17 
28 S0109/2-
81GTV-4(1) 
Cu 42.83 0.409 4.08 0.36 1.3756 0.000756 ------ ------ ------ 3.56 
29 S0109/2-
81GTV-4(2) 
Cu 37.17 0.365 4.19 0.17 0.41106 0.000803 ------ ------ 3.25 3.53 
30 M64/1-
124GTV-2E 
Fe 42.78 0.402 4.23 0.19 0.92144 0.00234 ------ ------ ------ 3.58 
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31 M64/1-124-
GTV-2I 
Fe 41.43 0.381 4.61 0.11 0.22746 0.000908 4.58 4.74 4.69 4.97 
32 M78/2-
297ROV-
1C 
Fe 45.46 0.229 3.81 0.84 1.74535 0.000147 3.44 3.35 3.52 3.66 
33 S0157-
33GTV-
Tubaf 
Fe 42.38 0.279 3.31 0.79 3.6154 0.000275 3.38 3.29 3.39 3.74 
34 EPR Sul-
fide 
Fe 30.11 0.026 2.9 0.7 2.7252 0.000064 3.40 3.21 3.21 3.57 
35 S0166-
58GTVA-
5G 
Brec
cia 
30.18 0.266 3.92 3.07 8201.951 7.07E-05 3.21 3.09 3.25 3.27 
36 S0166-
70GTVA-
2C1 
Brec
cia 
41.42 0.177 2.6 8.33 1100.861 0.000395 3.92 3.89 4.55 4.74 
37 M64/1-
139GTV-
4A7(1) 
Brec
cia 
36.27 0.215 2.62 2.69 795.642 0.032 3.81 3.96 4.10 4.25 
38 M64/1-
139GTV-
4A7(2) 
Brec
cia 
37.91 0.194 2.46 4.05 2790.712 0.0281 3.85 4.06 4.19 4.55 
39 M64/1-
139GTV-
7A2(1) 
Brec
cia 
41.23 0.128 2.96 2.09 5872.975 0.029 3.88 3.73 4.51 4.28 
40 M64/1-
139GTV-
7A2s 
Brec
cia 
33.13 0.246 3.04 2.37 690.9945 0.0154 4.18 4.15 4.31 4.71 
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Fig. 9. A) Resistivity vs. porosity. Solid line calculated with Archie’s law, a = 1 and m = 1.3, dashed line a 
= 1 and m = 2.4 with fluid resistivity of 0.2 Ωm (modified after Spagnoli et al., 2016c). B) Resistivity vs. 
mean calculated dry velocity porosity. C) Resistivity vs. mean calculated wet velocity porosity. 
 
From the analysis, we conclude that it is possible during the drilling campaign to measure Vp, and resis-
tivity, as well as magnetic susceptibility to discern mineralized samples, copper and iron rich samples, 
and host rock in situ using the following indicators: 
a) Predict porosity based on Vp velocity, and compare whether the predicted resistivity based on Vp 
derived porosity is observed within the resistivity range 
b) If predicted and observed resistivity fall in same range: core samples most likely represent a low-
er copper/iron grade mineralization. 
c) If predicted resistivity is larger than observed resistivity: core samples most likely represent a 
higher copper/iron grade mineralization. 
It is important to note, however, that the tests were performed under atmospheric conditions. At 
greater depths below the seafloor Ludwig et al. (1998) showed that the porosity will decrease. As drilling 
operations will be performed to assess the immediate subseafloor of potential massive sulfide occurrenc-
es (down to several tens of meters below the seafloor), this influence can likely be neglected here.  
4. Conclusions 
While SMS offshore and deep-water exploration is currently ongoing, new methods are needed to 
identify resources while drilling or in recovered core at the drill site. Moreover, borehole data only provide 
point-source information regarding mineral potential. Thus, it is argued that physical property measur e-
ments are needed connecting the formation of sulfide ores and related rock characteristics in these geo-
logical settings to the measurable physical properties to validate cross-hole continuity during drilling. P-
wave laboratory measurements were carried out on 40 SMS samples from different geological settings. 
Petrophysical data may provide the necessary link between measurements made at the seafloor and the 
detection and identification of valuable resources. The results suggest that:  
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 The Vp velocity is inversely proportional to the porosity and the bulk density, as the increased po-
rosity reduces the elastic moduli of the rock skeleton that decreases Vp.  
 Comparing Vp with the electrical resistivity, it is possible to observe that samples with lower ve-
locity have also lower resistivity.  
 Considering the correlation of Vp with the magnetic susceptibility, a threshold value separating 
host from mineralized rock could be set at 4 km/s, where the mineralizations lie below this value.  
 Since Vp is controlled mainly by porosity, whereas electrical resistivity is governed by porosity 
and mineralization, the porosity values were back calculated from Vp and compared with electr i-
cal resistivity measurements in order to preliminary assess the presence of mineralization in the 
cores. Results show that by using Archie’s Law, many samples have resistivities more than an 
order of magnitude below the lower Archie-curve. This can be explained by the presence of a 
semiconducting material typical in sulfide-rich samples. 
Measurements of at least three different physical properties (resistivity, susceptibility and velocity) 
of SMS samples are important because they allow a preliminary discrimination from host rocks. By com-
bining all the data from Vp, electrical resistivity, and magnetic susceptibility, i t is suggested that the non-
mineralized specimens have higher velocity (i.e. low porosity), high magnetic susceptibility and low elec-
trical conductivity with respect to the mineralized samples. These findings show promising results regar d-
ing the use of geophysical methods for real-time assessment of cores under saturated conditions. 
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FIGURE CAPTIONS 
Fig. 1. Location of the sample used for the laboratory experiments.  
Fig. 2. Rock saws used at the BCR for making precise and parallel cuts. A) standard IODP single 10 -inch 
blade rock saw, and B) ASC Scientific Dual Blade rock saw. 
Fig. 3. Principle setup for ultrasonic P-wave velocity measurements.  
Fig. 4. Examples of first arrivals used to calculate the velocities for the dry and wet ultrasonic measur e-
ments. A) Sample S0166 59 GTVA-1B1 (chimney Zn-Ba) showing a strong signal for both dry (5.44 µs) 
and wet (5.16 µs) first arrivals. B) Sample S0208 DR100-3A (chimney Zn) showing no signal for the dry 
measurement, and a weak signal for the wet (1.54 µs) first arrival. The cutoff of the crosstalk signal from 
the high voltage transmitter pulse illustrates the high amplification of the record.  
Fig. 5. Comparison plots of dry (A), and wet (B) velocity measurements vs. porosity. Note: data points 
that lie on the x-axis in (A) represent samples with no signal and distinguishable first arrivals.  
Fig. 6. Comparison plots of dry (A), and wet (B) velocity measurements vs. bulk density. Note: data points 
that lie on the x-axis in (A) represent samples with no signal and distinguishable first arrivals.  
Fig. 7: 3D plot of velocity, resistivity and magnetic susceptibility (the latter are from Spagnoli et al., 2016c 
and 2017). In comparison to basalt host rock, mineralized cores exhibit lower resistivity, higher velocities 
and higher susceptibilities. The red color for the Ba samples means negative SI values. 
Fig. 8. Comparison between calculated porosity from Vp measurements on wet samples and measured 
porosity. 
Fig. 9. A) Resistivity vs. porosity. Solid line calculated with Archie’s law, a = 1 and m = 1.3, dashed line a 
= 1 and m = 2.4 with fluid resistivity of 0.2 Ωm (modified after Spagnoli et al. , 2016c). B) Resistivity vs. 
mean calculated dry velocity porosity. C) Resistivity vs. mean calculated wet velocity porosity.  
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Highlight 
 It is important to develop systems able to detect and classify mineralized zones from waste mate-
rials while drilling deep-water; 
 Seismic P-wave velocities (Vp) were measured on 40 SMS and unmineralized mini-cores; 
 The porosity was back-calculated from Vp; 
 The results were compared with electrical resistivity measurements;  
 Using Archie’s Law, it is possible to observe that metallic conduction exists.  
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